Abstract: Sodium alginate and chitosan are added to a CaCl 2 solution to prepare calcium-alginate-chitosan and calciumalginate gels. After dehydration through stoving, two types of adsorbent particles are obtained. The adsorption process of the particles obtained for low concentrations of Sr 2+ satisfies a second-order kinetic equation and the Freundlich adsorption model. The thermodynamic behaviors of the particles indicate that adsorption occurs via a spontaneous physical process. XPS pattern analysis is used to demonstrate the adsorption of Sr 2+ by calcium alginate and chitosan. By building an interaction model of the molecules of chitosan and alginate with Ca 2+ and Sr 2+ to calculate energy parameters, Fukui index, Mulliken charge, and Mulliken population, adsorption of Sr 2+ on the molecular chains of chitosan as well as the boundary of calcium-alginate-chitosan is observed to show weak stability; by contrast, adsorption between molecular chains is high.
Introduction

90
Sr is a key nuclide in fission and an important index in environmental monitoring. The use of radiochemical analysis to isolate 90 Sr in purified water as well as α-and β-low-background measuring instruments to measure β radioactivity are common practices. However, in the early stages of research,
Sr isolation is a time-consuming, complicated, and laborious process. Numerous local and foreign researchers continue to search for materials with the maximum capacity to eliminate interference elements. While United States standards (2008) 1 specify the use of crown-ether-Sr resin to isolate 90 Sr, Chinese researchers have not fully mastered the method for synthesizing materials used for 90 Sr isolation and material costs are usually very high. Therefore, research of synthesis methods for low-cost and highly efficient isolation and adsorption materials is of great significance.
Chitin [(1,4)-2-amino-2-deoxy-β-D-glucan] is a natural cationic polymer derived from chitosan through a deacetylation reaction. The N atoms on the amino group of the molecular chain provide a lone electron pair, converting chitosan into a charged electrolyte that has excellent adsorption capacity for heavy metal ions. Despite the number of adsorption studies currently available, the poor mechanical properties of chitosan have limited its application as an adsorbent. Alginate, a natural polysaccharide isolated from brown algae, is a copolymer made up of different amounts of β-D mannuronic acid (M) residues and its epimer, α-L guluronic acid (G). 2, 3 The molecular structure of alginate contains a large number of hydroxy groups and carboxyl groups. The negative charge carried by the hydroxy group and the positive charge carried by metal ions allow the groups to combine into a gel due to electrostatic attraction, the underlying mechanism of which has been demonstrated to resemble an "egg-box" model. 4 The carboxyl group of alginate and the amino group of chitosan can form an adsorbent that integrates the advantages of both polymers.
Research shows that the bonded adsorbent not only has excellent adsorption performance for metal ions but also possesses ideal mechanical properties, which satisfies the needs for preparation and application. Numerous studies [5] [6] [7] report the rapid adsorption of metal ions, such as Cu
2+
, Cd
, and Ni
, by chi- † To whom correspondence should be addressed. . We propose an adsorption mechanism that could serve as a foundation for future research on the isolation of 90 Sr.
Experimental
Materials. Alginate, chitosan, strontium nitrate, barium chloride, hydrochloric acid and sodium hydroxide used in this experiment were all analytical reagents and they were purchased from Aladdin Co. Ltd., China.
Preparation of Calcium-Alginate-Chitosan and Calcium Particles. Solutions of sodium alginate solution (10 g/L) and mixed alginate and chitosan (10 g/L) were prepared. The solutions were added dropwise into a CaCl 2 solution of the same concentration to prepare calcium alginate and calcium-analginate-chitosan gel beads. The addition process was completed with magnetic stirring at 400 rpm. Deionized water was used to remove extra calcium ions from the gel beads. The gel beads were dried at 120 o C and ground to 40 mesh for later use. All glassware was ultrasonically cleaned. The products were immersed in 5% HNO 3 for 24 h, cleaned with deionized water, immersed in 5% NaOH for 24 h, and then cleaned repeatedly with deionized water.
Adsorption Behavior of Calcium Alginate and CalciumAlginate-Chitosan on Sr
2+
. Adsorption Kinetics Experiment: About 0.2 g of preprocessed calcium alginate and calcium-alginate-chitosan particles were placed in a beaker and mixed with 100 µg/L Sr 2+ solution. The solution was left to stand for 24 h. An atomic adsorption spectrometer (AAS Zeenit 700P Germany) was used to measure the ion concentration at short time intervals. Then, based on the difference between the component concentration before and after the adsorption, adsorption was calculated (µg/g) and the kinetics curve was plotted. 
; thus, we explored the mechanism of Sr 2+ adsorption by calcium alginate. We used the quantum mechanics (QM) DMol 3 module for metal ions and O atoms that are potentially involved in the reaction. 8 According to the fully electric density functional theory, generalized gradient approximation was adopted for the fitting and electron exchange-correlation functional PW91. By taking into account relativistic effects and performing full-electronic calculations with the DNP basis set, higher precision may be expected. Convergence precision was preset as fine, that is, the energy change in each atom in the convergence was less than 1.0×10 -4 eV/nm and the energy gradient change was less than 2.0×10 . Excluding Ca
, Sr 2+ , and some O atoms, the rest of the atoms were calculated with the molecular mechanics (MM) GULP module, and the energy was calculated with a universal force field. Calculations of the energy and electroproperties for the reaction of alginate block molecules with Ca 2+ and Sr 2+ included those for the QM/MM energy, the maximum occupying orbital energy level, the Fukui index, and the
Mulliken charge distribution.
Results and Discussion
Kinetic Properties of Adsorption. Studies of models for adsorption kinetics can help elucidate possible reaction mechanisms and predict reaction rates. The pseudo-first-order kinetic and pseudo-second-order kinetic models were established. 9 The model describing the pseudo-first-order kinetic model can be expressed as:
( 1) where Q(mg/g) is the adsorption quantity of resin at t, Q e (mg/ g) is the saturated adsorption quantity of resin, t(h) is the adsorption time, and k 1 is the pseudo-first-order adsorption rate constant. We used Origin 8.0 software to perform linear fitting for t with log(Q e −Q) on the vertical coordinate and obtained a pseudo-first-order kinetic model, as shown by (a) in Figure 1 . Moreover, k 1 and Q e can be calculated from the slope and intercept in (a). We obtained a pseudo-second-order kinetic model, which can be expressed by the following formula:
where k 2 is the pseudo-second-order adsorption rate constant.
The pseudo-second-order kinetic model obtained through linear fitting for t/Q is shown in (b) of Figure 1 . k 2 and Q e were calculated from the slope and intercept of (b). Refer to Table  1 for the equation parameters. Figure 1 and Table 1 show that the first-and second-orderadsorption kinetic models for calcium-alginate-chitosan and calcium alginate demonstrate good linear correlation. Since the second-order adsorption kinetic model shows more linear results, the adsorption kinetic process can be better described by it. The adsorption process in the solution is quite complicated, and comparison of the adsorption quantity of the two kinds of particles indicates that calcium-alginate-chitosan has slightly higher adsorption quantity than calcium alginate.
Under acidic conditions, Sr
2+ is more likely to diffuse to the surface of calcium-alginate-chitosan and calcium alginate and more likely to form coordinate and ionic bonds. Thermodynamic Study on Resin Adsorption. Based on the adsorption equilibrium study on the adsorption isotherm model and thermodynamic parameters, the aim of the thermodynamic study on calcium-alginate-chitosan and calcium alginate is to evaluate the effect of temperature on the adsorption capacity of the adsorbent. The properties of the surface of the adsorbent are determined by the adsorption equilibrium constant. To better understand the adsorption mechanism for Tables 2 and 3 . The Freundlich adsorption model can be applied to the heterogeneous surface of the adsorbent, and its equation may be written as:
Taking the logarithm of both sides of eq. (5): (6) where k F is the Freundlich adsorption coefficient and n is the Freundlich constant. The rest of the variables are identical to those in eq. (4). By plotting logC vs. logQ, we can obtain the Freundlich isothermal adsorption model for the two types of . adsorbents, as shown in Figures 2 and 3 . The equation's slope and intercept are 1/n and log k F , respectively. Relevant model parameters are shown in Table 2 .
Adsorption Thermodynamic Properties of Calcium Alginate. Figures 2 and 3 show the isothermal adsorption curves for calcium-alginate-chitosan and calcium alginate on Sr 2+ at different temperatures. As coefficients in the Freundlich equation, n and k F can reflect the adsorption amount, as shown in Table 2 . The k F value reached its maximum at 298 K and decreased with increasing temperature. At this point, n>1, which indicates that Sr 2+ adsorption by calcium alginate has certain advantages at low temperature. The Van't Hoff plot ( Figure 4) shows linear correlation. The data in Figure 2 , Figure 3 , and Table 2 show that all of the correlation coefficients of the Freundlich model for Sr Table 1 . ∆S is given by ∆S=(∆H−∆G)/T. Refer to Table 3 for the results. Table 3 shows that the isosteric adsorption enthalpy for calcium-alginate-chitosan on Sr 2+ is positive, whereas the value for calcium alginate is negative. Some differences in the adsorption performance of the two adsorbents in low-concentration Sr 2+ solution may be observed, but the absolute values for the two adsorbents are relatively small, which indicates that the adsorption process is a physical one. The ∆G value for both adsorbents is <0, which suggests the spontaneity of adsorption. The entropy ∆S is positive, which shows that, under the effect of absorptive forces, Sr 2+ passes through calcium alginate particles to enter inside until the attachment is 
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more vigorous than in the solvent. The whole system becomes more disordered and the adsorption becomes more random. Figure 5 shows the XPS patterns before and after adsorption of Sr 2+ by calcium-alginate-chitosan and calcium alginate.
Curves 1 and 2 represent the status before and after adsorption, respectively. The graph shows a distinct main peak for calcium. Elemental Sr is captured on the surface of calcium-alginate-chitosan ( Figure 5(a) ), and a very small 3D peak appears at 133 eV. However, no peak is observed for the binding energy on the surface of calcium alginate after adsorption (FigFigure 5 . XPS patterns obtained before and after the adsorption of Sr 2+ by calcium-alginate-chitosan and calcium alginate. ure 5(b)). Adsorption clearly occurs when the concentration of the Sr solution is 100 µg/L, corresponding to the detection limit of the XPS spectrometer. The characteristic main peak of Sr on the surface of calcium-alginate-chitosan suggests some adsorption behavior and the higher adsorption capacity of calcium-alginate-chitosan than calcium alginate. Exploration of Adsorption Mechanism. We used Monte Carlo simulation to search for low-energy action sites on chitosan, alginic acid GM block, and calcium-alginate-chitosan molecules on Ca 2+ and Sr
2+
. From Table 4 , the interaction of electrons of the two adsorbents with metal ions was calculated, with results showing some nonlocality. The probability of electrons appearing on the lowest unoccupied molecular orbital (LUMO) is around 1/3. Figure 6 shows a single strand of the chitosan 2C molecular system. The energy gap in 2C's interaction with the two metals is slightly larger than that observed Figure 6 . Alginic acid molecule GG, MM, and GM block interactions with Ca 2+ and Sr
.
during its interaction with a single metal, but comparison of the energy gap and occupation state data indicates that the action force between 2C and Ca 2+ and Sr 2+ is lower than that of the three other systems, 4C, 2GM, and 2C-GM. According to the Jellium model, 9 the amplitude of energy gap reflects chemical inertness, and the rise in stability is characterized by the decrease in the LUMO state. Thus, the adsorption of Sr
within single-stranded chain molecules can be inferred to be weaker than that between double-stranded molecules. The N obtained by the Sr ion or the electron supplied by O is very likely to escape from the outer layer, thus losing electrons and dissociating from the 2C system again. The 4C and 2GM molecular systems contain the double-chain structure of the same molecule (as shown in Figures 6(b) and 6(c)). The adsorption of Ca 2+ and Sr 2+ causes the energy gap in the two systems to become greater than that observed during interaction with a single kind of ion. The value of the LUMO state is small, particularly for 2GMCaSr (0.073). HOMO orbital electron delocalization is weak, thereby facilitating electron movement. Moreover, the system stability of chitosan and calcium alginate is greatly strengthened after the adsorption of Sr
. The 2C-GM system design simulates a chitosan single strand and a single strand of calcium alginate GM block (as shown in Figure 6(d) ). The energy gap for 2C-GMCaSr is lower than that for 2C-GMCa and 2C-GMSr and the LUMO state value significantly rises, which suggests the stronger trend of donating electrons. Thus, when the metal ion comes into contact with the boundary of the two types of calcium-alginate-chitosan molecules, the progress of adsorption is hindered.
With the Fukui index, Table 5 compares the Fukui indices of the two types of metal ions in 2CCaSr, 4CCaSr, 2GMCaSr, and 2C-GMCaSr. During simulation, molecules in the four systems are combined with Ca, after which adsorption of Sr is calculated. Comparison of the index values for Sr and Ca suggests that Sr>Ca and outer electrons of Sr are active in 2CCaSr, thereby facilitating the gain and loss of electrons. Nucleophilic and electrophilic attack abilities are also suggested. The adsorption stability of this system is lower than that of the three other systems, which corresponds to the energy parameter analysis results in Table 3 . The outer electrons of 4CCaSr and 2G-MCaSr become less active, indicating difficulty in their transfer. By contrast, 2C-GMCaSr's ability to gain and lose electrons and chemical activity become stronger and are accompanied by decreasing adsorption stability. Thus, the instability of Sr adsorption by calcium-alginate-chitosan on the boundary is also demonstrated.
The Mulliken charge and Mulliken population reflect the status of charge distribution in the adsorption by calcium alginate and calcium-alginate-chitosan. According to Table 6 , the atom is the QM atom in Figure 6 . After 2C molecules adsorb Sr
, the charges of the electron donors N and O decrease by varying degrees. The positive charge of Sr decreases from 2 to 0.647, which suggests that Sr and 2C interact to consume some electric charge. When Sr is introduced into the 4C and 2GM systems, the electric charge of Sr becomes negative, which suggests that the acting force produced by the system is significantly stronger than the adsorption capacity of the inside of 2C molecules on Sr. Adsorption increases the stability of the system, which is consistent with the energy parameter analysis results presented above. In 2C-GM, the electric charge of Sr decreases from 2 to 0.07, and its acting force on Sr is only slightly higher than the 2C system. Since the selection of the basis set has an enormous impact on the value of electric 
Conclusions
The block vacancy formed by lone-pair electrons on the N atom of chitosan and alginate block molecules relies on coordination bonds and the "egg box" effect to adsorb Sr
2+
. After gel preparation and dehydration through stoving, we derived two types of adsorbent particles. We selected classical models, the first-and second-order kinetic models, as well as the thermodynamic Langmuir and Freundlich models, to describe the mechanics of Sr 2+ adsorption by the two adsorbents. Results
show that the first-order kinetic and Freundlich models fit the adsorption process well. Thermodynamic parameters show that adsorption occurs via a spontaneous physical process. Model calculations for the interaction of chitosan and alginate molecules with Ca 2+ and Sr 2+ can facilitate understanding of the changes in the energy parameters and ability to gain and lose electrons. Charge transfers are clearly presented, and the adsorption mechanism can be preliminarily postulated based these transfers. Calculation results indicate that the adsorption of Sr 2+ shows weak stability while the adsorption between molecular chains shows strong adsorption ability within the molecular chain of chitosan and on the boundary of calciumalginate-chitosan. Because of its low cost and ideal adsorption performance, calcium-alginate-chitosan can be applied in the measurement of
90
Sr as an alternative material for the adsorption and isolation of Sr 
